INTRODUCTION
Extracellular binding of TGF-β superfamily ligands to heteromeric complexes of the type I and type II receptors is expected to bring the receptor intracellular domains into close proximity allowing for the intracellular activation of the receptors and in turn the receptor-associated Smads (R-Smads). The type I receptors require specific transphosphorylation by the type II receptors before they are activated to bind and phosphorylate their R-Smad substrates (Wrana et al. 1994) . While structural studies of the receptor extracellular domains have defined the precise assembly of several ternary ligand-receptor complexes, similar models for the arrangement of the intracellular domains are lacking. Such studies are complicated by the dynamic nature of phosphorylation-dependent signaling pathways, which are determined by transient protein-protein interactions that are generally of lower affinity than those of receptor extracellular domains. Furthermore, these interactions are tightly regulated by a number of adaptor domains. Nonetheless, progress in the mapping of many new intracellular interactions has facilitated a wealth of structural information that adds significantly to our understanding of the regulatory mechanisms of TGF-β signaling.
RECEPTOR KINASE ACTIVATION

Structures of the type II receptor kinase domain
The human kinome comprises over 500 unique family members (Manning et al. 2002) . Within this phylogenetic tree, the type I and type II receptors are both classified as members of the tyrosine kinase-like (TKL) family. As this name suggests, their catalytic domains share considerable sequence and structural similarity with the tyrosine kinases, although specific sites determining substrate selection are conserved with other serine/threonine kinases (Huse et al. 1999 ; Krupa et al. 2004 ). Consequently, TGF- family receptors are described as dualspecificity kinases since they can weakly phosphorylate tyrosine residues as well as the preferred serine and threonine residues (Lawler et al. 1997; Lee et al. 2007 ). Comparisons across a diverse range of kinase structures have revealed that tyrosine kinases have a wider substrate pocket that allows for the larger tyrosine side chain to be optimally positioned for receipt of the terminal γ-phosphate of ATP (Krupa et al. 2004) . This is partly established by the presence of a bulky tryptophan residue at a conserved position (e.g. c-ABL Trp405) in the activation loop of tyrosine kinases that is typically a smaller side chain in serine/threonine kinases (Krupa et al. 2004 ).
To date, crystal structures are available for three of the five type II receptor kinase domains, including BMPRII, ActRIIA and ActRIIB (Han et al. 2007; Chaikuad et al. 2012) . All three structures show the common kinase domain fold, which has a bilobal architecture (Figures 1A and 1B) . The N-terminal lobe comprises a five-stranded -sheet and a single -helix (C), which forms a key regulatory element in many protein kinases. The C-terminal lobe is largely -helical, but also includes the catalytic loop harbouring critical catalytic residues, such as the HisArg-Asp (HRD) motif, as well as the activation loop, which contributes to the substrate-binding pocket and is often a site of activating phosphorylation in other protein kinase families, but not within the TGF-β receptor family. The activation loop starts with an Asp-Phe/Leu-Gly (DFG or DLG) motif, which contributes to the binding of the co-substrate ATP and a magnesium (or manganese) ion. The available structures of the type II receptors reveal a conserved active conformation of the kinase domain that is consistent with the constitutive activity shown in vitro (Han et al. 2007; Chaikuad et al. 2012) . Importantly, the N and C-terminal kinase lobes are stably bound together to create a functional ATP-binding pocket at their interface. In the N-lobe, the 1-2 hairpin forms a glycine-rich loop, also known as the phosphate-binding loop (P-loop), which contacts the phosphate moieties in ATP, whereas the hinge region linking the N-lobe to the C-lobe establishes two hydrogen bonds to the adenosine.
Structural basis for activation of the type I receptor
The type I receptors have evolved an efficient control mechanism to prevent their inappropriate activation in the absence of TGF- ligand. Their intracellular domains are distinguished by a regulatory glycine-serine rich (GS) domain that is located in the juxtamembrane region immediately N-terminal to their kinase domain ( Figure 1A ). Transphosphorylation by the type II receptor switches the GS domain from a binding site for the inhibitor FKBP12 to a binding site for the R-Smad substrate ). FKBP12 (FK506-binding protein 1A (12 kDa)) is a small / fold protein best known for its binding to the immunosuppressant drugs rapamycin and FK506 (Michnick et al. 1991) .
The structural basis for this activation switch has been established by crystal structures of the type I TGF- receptor (TR-I or ALK5) solved either in the presence and absence of FKBP12 ( Figure 1C ) (Huse et al. 1999; Huse et al. 2001) . In both structures, the GS domain adopts a helix-loop-helix motif that folds across the top of the kinase N-lobe 4 strand. Serine and threonine residues targeted by the type II receptor are found in the central GS loop sequence 185-TTSGSGSGLP-194. Under quiescent conditions, FKBP12 sits atop the GS domain and shields the GS loop from the type II receptor. Its binding is centred on the downstream helix GS2. Two residues from this helix, Leu195 and Leu196, are inserted into the macrolidebinding pocket of FKBP12, and therefore compete for binding with rapamycin (Huse et al. 1999 ).
FKBP12 binding forces the GS loop to insert into the kinase domain where it forms an inhibitory wedge between the N-lobe -sheet and the C helix. This distorts the kinase N-lobe by pushing out the C-terminal end of the C helix, whereas the N-terminus is swung into the ATP pocket ( Figure 1C inset box) . As a result, the kinase domain adopts an inactive conformation in which the catalytic salt bridge between TR-I Asp245 (C helix) and Lys232 (3-strand) is broken. The inhibitory complex is stabilized by a number of arginine side chain interactions that are strictly conserved in the type I receptors, but divergent in the type II receptors. For example, the GS2 helix is tethered to the kinase domain by Arg203, whereas the associated GS loop is held by Arg255, which is located just C-terminal to the C helix. The binding sites for ATP and substrate are additionally blocked by a salt bridge between Arg372 (activation loop) and the DLG motif (Asp351).
Significantly, the equivalent residues in the type I BMP receptor ALK2 (ACVR1) are found mutated in the skeletal malformation disorder fibrodysplasia ossificans progressiva (Shore et al. 2006; Kaplan et al. 2009 ), as well as the childhood cancer diffuse intrinsic pontine glioma (Buczkowicz et al. 2014; Fontebasso et al. 2014; Taylor et al. 2014; Wu et al. 2014) . The structure of the ALK2-FKBP12 complex shows that these residues participate in similar inhibitory interactions to the equivalent TR-I complex (Chaikuad et al. 2012) . Thus, upon mutation these bonds are broken and the receptor complex is mildly activated (Fukuda et al. 2008; Fukuda et al. 2009; Shen et al. 2009; Song et al. 2010; van Dinther et al. 2010; Chaikuad et al. 2012) . Remarkably, the mutant ALK2 receptor also displays a novel gain of function where it signals in response to activin A, as well as the expected BMP ligands (Hatsell et al. 2015; Hino et al. 2015) .
The crystal structure of the TR-I intracellular domain solved in the absence of FKBP12 shows that the inhibitory interactions between the GS loop and kinase domain are relieved (Huse et al. 1999 ). This frees the GS loop for exposure to the type II receptor and concomitantly allows the αC helix to adopt the correct conformation for catalysis. Without phosphorylation, the type I receptor lacks significant activity against the R-Smads (Wrana et al. 1994; Huse et al. 2001 ).
GS domain phosphorylation inhibits FKBP12 binding, but significantly enhances the binding of R-Smads and therefore provides an effective switch for receptor activation. Unfortunately, there are currently no structures describing precisely how the type II receptor interacts with the GS domain to complete this phosphorylation. Some general insights can be drawn from other kinase families which bind to their substrates across the top of the kinase C-lobe and align the phosphorylatable residue with the γ-phosphate of ATP (Endicott et al. 2012 ).
RECEPTOR-SMAD INTERACTION AND SMAD ACTIVATION
All R-Smads share a similar domain architecture comprising an N-terminal MH1 domain, a central proline-rich linker and a C-terminal MH2 domain. Their activation is dependent on the type I receptors which phosphorylate a common Ser-X-Ser motif present at the extreme Cterminus of the MH2 domain (Abdollah et al. 1997; Souchelnytskyi et al. 1997) . Generally, the TGF- and activin-specific receptors phosphorylate Smad2 and Smad3, whereas the BMPspecific receptors phosphorylate Smad1, Smad5 and Smad8.
Structural basis for R-Smad recruitment by SARA
R-Smad proteins have been shown to interact with a number of proteins associated with the endosome, which appear to help direct the R-Smads to the receptors at the cell membrane as well as through the early endosome (Tsukazaki et al. 1998; Miura et al. 2000; Chen et al. 2007; Shi et al. 2007 ). Co-crystal structures have been solved for the MH2 domains of Smad2 and Smad3 in complex with one of these proteins, Smad anchor for receptor activation (SARA; Figure 2A ) (Wu et al. 2000; Qin et al. 2002) . SARA is a large protein targeted to the membrane by a central FYVE domain that confers binding to phosphatidylinositol 3-phosphate (PtdIns3P).
A small Smad-binding domain (SBD) has been identified immediately C-terminal to the FYVE domain with specificity for Smad2 and Smad3, but not the BMP-type R-Smads (Tsukazaki et al. 1998 ).
The Smad MH2 domain contains three main structural elements (Figure 2A ). At one end of the structure the Smad N-terminus forms to a large -sandwich that shares its fold with the FHA (Forkhead-associated) and IAD (IRF-associated domain) domains (Durocher et al. 2000; Qin et al. 2003) . At the centre of the structure, a three-helix bundle is established by an insertion and a single C-terminal -helix. Finally, in the R-Smads, the domain structure is completed by a large C-terminal tail that extends to the C-terminal Ser-X-Ser motif (Wu et al. 2001) .
At different stages of R-Smad activation there are changes to both the structure and oligomeric state of the MH2 domain that contribute to the directionality of the signaling process (Wu et al. 2000; Chacko et al. 2001; Wu et al. 2001; Qin et al. 2002; Chacko et al. 2004 ). Complexes of Smad2 or Smad3 with the SBD of SARA display a heterodimeric structure (Wu et al. 2000; Qin et al. 2002) . In these structures, the SBD adopts an extended conformation that folds across the -sandwich of the R-Smad and along a hydrophobic groove running down the length of the three-helix bundle ( Figure 2A) . Here, the C-terminal SBD region makes additional interactions with the R-Smad N-terminus, which is induced to form part of a two-stranded antiparallel -sheet. No interactions are formed with the R-Smad C-terminal region, including the Ser-X-Ser motif which is disordered in these structures.
Insights into R-Smad interaction with the type I receptor
In their purified forms, the unphosphorylated MH2 domains exist predominantly as monomers, but they also display a propensity to trimerize (Kawabata et al. 1998; Chacko et al. 2001; Correia et al. 2001; Moustakas and Heldin 2002) . The binding of SARA stabilizes the 'monomeric' form of Smad2 and Smad3 and therefore helps to present the MH2 domain to the type I receptor in an accessible state for phosphorylation of the free C-terminal Ser-X-Ser motif (Qin et al. 2002) .
In the absence of structural information for the receptor-Smad complex, models for the Smad interaction have been proposed based on the structural similarity of the FHA domain (Durocher et al. 2000; Huse et al. 2001) . The FHA domain is a well-studied recognition module for phospho-threonine (pThr)-containing peptides. Co-structures of the FHA domain have revealed a phosphopeptide binding site at one end of the core -sandwich (Durocher et al. 2000) .
Interestingly, this site corresponds to a basic patch on the Smad MH2 domain. By comparison, the basic patch on the R-Smads is expected to form a recognition site for the phosphorylated GS loop, providing an explanation for the specific binding of the phosphorylated receptor ( Figure   2B ). Phosphorylation therefore switches the GS region from a binding site for the inhibitory protein FKBP12 into a recruitment site for the substrate R-Smad ).
Phosphoamino acid analysis has suggested that each of the serine and threonine residues located within the GS loop sequence 185-TTSGSGSGLP-194 of TR-I can be phosphorylated (Souchelnytskyi et al. 1996) . However, scanning mutagenesis has failed to identify a single residue that strictly requires phosphorylation suggesting some redundancy within these Gly-Ser repeats (Wieser et al. 1995) . Interestingly, a Thr204Asp mutant of TR-I showed constitutive signaling even in the absence of TR-II and TGF- (Wieser et al. 1995) . This residue in the GS2 helix is not a recognized phosphorylation site and similar activation is observed in BMP receptors such as ALK2 with the equivalent Gln207Asp mutation at the same position (MaciasSilva et al. 1998) . Thus, this site may also contribute to the R-Smad interaction.
The specificity of the receptor-Smad interaction has also been investigated by protein chimeras and site-directed mutagenesis Chen et al. 1998; Lo et al. 1998; Persson et al. 1998; Chen and Massague 1999) . These studies have identified a further cluster of four residues within the 4-5 loop (L45 loop) of the type I receptor kinase N-lobe that appear to determine Smad selectivity. Exchange of these residues between BMP and TGF- receptors reverses their respective specificity towards the R-Smads. Moreover, two complementary residues are found in the L3 loop of the R-Smads, suggesting a potential direct interaction been the L45 loop of the receptor and the L3 loop of the R-Smads. Furthermore, the concave face of the MH2 domain appears a good match both in shape and size for the convex face of the receptor kinase domain ( Figure 2B ). While the precise interaction surface remains to be determined by high resolution structural studies, the binding of the globular MH2 domain has the potential to stabilize an active conformation of the receptor kinase. Finally, the C-terminal Ser-XSer motif of the R-Smad must also be engaged by the substrate pocket within the kinase C-lobe for phosphorylation to complete. Thus, the GS domain and N-terminal kinase lobe are predicted to form a docking site for the R-Smad MH2 domain that correctly positions the phosphorylatable Ser-X-Ser motif adjacent to the ATP-binding pocket. Further structural studies are required to define these precise interactions.
Dissociation of the phosphorylated R-Smad
Following phosphorylation, the R-Smad has a high propensity to trimerize which favours its dissociation from the receptor and SARA (Kawabata et al. 1998) . A trimeric subunit arrangement is revealed by the crystal structure of the phosphorylated MH2 domain of Smad2 (Wu et al. 2001) . In this structure, contacts between adjacent subunits are mediated by the interaction of helices H4 and H5 of the three-helix bundle with the helix H1 and 4 strand of the neighbouring subunit. The phosphorylated Ser-X-Ser tail also makes contact with the basic patch of the neighbouring subunit, including the L3 loop and 8 strand. These interactions within the Smad trimer are therefore mutually exclusive with those involving the receptor GS domain and L45 loop.
The phosphorylated MH2 domain also undergoes concerted conformational changes that perturb the SARA-binding pocket at the outside periphery of the trimer. Firstly, the N-terminal -strand of Smad2 is repositioned from its SARA interaction to participate in the new trimer interface (Wu et al. 2001) . Secondly, the packing within the MH2 domain between the threehelix bundle and -sheet is subtly changed to promote the trimeric arrangement of the different Smad subunits. Finally, the conformation of the L3 loop is also altered through its binding of the phosphorylated Ser-X-Ser motif.
HETEROMERIC SMAD ASSEMBLY
Activation of the R-Smads is continued by their assembly with the Co-Smad, Smad4 (also known as DPC4), and their translocation to the nucleus for transactivation of Smad-target genes (Lagna et al. 1996) . Biochemical analyses suggest that the heteromeric Smad complex is more stable than the Smad homotrimer and comprises two phosphorylated R-Smad subunits and one Smad4 subunit (Kawabata et al. 1998; Chacko et al. 2001; Correia et al. 2001 ).
Structural features of Smad4
Overall, Smad4 shows a somewhat similar domain arrangement to the R-Smads, but lacks the C-terminal Ser-X-Ser extension. Crystal structures of the Smad4 MH2 domain also reveal a similar folding topology to the R-Smads ( Figure 3A ) (Shi et al. 1997; Qin et al. 1999 ). However, a specific 35-residue insertion is identified that greatly lengthens the H3 helix and generates an additional -strand that folds back to form an antiparallel interaction with the shortened Cterminal tail. The transcriptional activity of Smad4 also depends on a Smad-activation domain (SAD) consisting of a 45-residue proline-rich segment located N-terminal of the MH2 domain (Qin et al. 1999) .
Structural basis of heteromeric Smad assembly
Crystal structures have been determined for both the heterotrimeric Smad2-Smad4 and Smad3-Smad4 complexes ( Figure 3B ) (Chacko et al. 2004) . As expected, their assemblies are highly similar to those of the homotrimeric R-Smads, except that the inclusion of Smad4 creates three non-identical binding interfaces. A number of the interface residues are conserved between Smad4 and the R-Smads, allowing for two different R-Smads to be incorporated into the same heterotrimer. Indeed, this appears to be one mechanism to increase the available diversity of the TGF- pathway. For example, the simultaneous activation of Smad2/3 and Smad1/5 can generate mixed TGF- and BMP-type R-Smad complexes leading to altered promoter binding and transcriptional activation (Daly et al. 2008) . Remarkably, activated IRF3 can also bind directly to Smad3 and inhibit its activation by TR-I or block its assembly with Smad4 and additional co-activators in the nucleus (Xu et al. 2014) .
Structural parallels between R-Smads and IRF-family proteins
Further analyses are necessary to unravel the structural basis of this cross talk.
The precise molecular mechanisms that determine IRF and R-Smad activation also display notable differences. Uniquely, the IRF proteins contain an additional α-helix at their C-terminus that folds back onto the helical bundle motif to form an autoinhibitory interaction (Qin et al. 2003) . Phosphorylations within the intervening C-terminal extension break this interaction and allow the C-terminus to instead mediate IRF dimerization, which is therefore distinct from the trimerization of Smads (Chen et al. 2008; Takahasi et al. 2010) . Furthermore, this switch exposes a hydrophobic pocket in the helical bundle motif that mediates further interaction with the co-activators p300/CBP (Qin et al. 2005) . While the structure of IRF3 has been solved in complex with CBP (Qin et al. 2005) , there are currently no available structures of the equivalent R-Smad complex. It will be interesting in future to see how these complexes compare.
TRANSCRIPTIONAL ROLES OF SMADS
Smad-DNA Interaction
Interactions with DNA are mediated by the N-terminal MH1 domains of the R-Smads and
Smad4. The precise binding mode was first revealed by the crystal structure of the MH1 domain of Smad3 which was solved in complex with a canonical Smad-binding element (SBE) including the core palindromic sequence GTCTAGAC Chai et al. 2003) . The MH1 domain adopts an / fold stabilized by a zinc atom that is coordinated by three cysteine residues and a histidine ( Figure 4A ). Two MH1 domains bind on opposite faces of the DNA to each half site (or Smad box) of the SBE using a -hairpin structure that inserts into the major groove. Here, specific hydrogen bonding interactions with the bases are formed by the three conserved residues Arg74, Gln76, and Lys81. Additional interactions with the phosphate backbone are made by both the -hairpin motif and the large 2 helix. Similar complex structures have been solved subsequently for the MH1 domains of Smad1 (BabuRajendran et al. 2010 ) and Smad4 (Baburajendran et al. 2011) . While both proteins display the same overall fold and specific base contacts, subtle differences are observed that likely contribute to the DNA-binding specificity of the different Smads. The MH1 domain of Smad1 displays a more open conformation in which the 1 helix is dissociated to form a domain-swapped dimer. As a result, a subtle shift in the packing disrupts interactions between the 2 helix and the phosphate backbone ( Figure 4B ). Some flexibility in the 1 site is suggested by the fact that the protein is monomeric in solution (BabuRajendran et al. 2010 ) and can also form 1:1 complexes with the SBE at low concentrations (Baburajendran et al. 2011) .
By contrast, the MH1 domain of Smad4 forms exclusively 2:1 complexes with the SBE yet displays no evidence of dimeric protein-protein contacts across the DNA duplex (Baburajendran et al. 2011) . Sequence alignments suggest that the remaining Smad family members will also yield similar structures, except for Smad2 which fails to bind DNA due to a 30-residue insertion prior to the critical -hairpin motif (Dennler et al. 1999; Yagi et al. 1999 ).
Unfortunately, there are no crystal structures of a heterotrimeric Smad complex bound to DNA.
Tandem repeats of the SBE have been shown to enhance TGF- signaling suggestive of a cooperative binding mode (Zawel et al. 1998 ). Molecular dynamics simulations suggest that the interaction of Smad4 with the DNA facilitates the cooperative recruitment of associated RSmads . The presence of mixed Smad complexes, as well as the potential inclusion of Smad2, is expected to confer different affinities, and therefore specificity, for sites with variable spacings or orientations of the SBE motifs. The precise transcriptional response will additionally dependent on the combinatorial assembly of other transcription factors on the promoter elements of Smad-target genes. An increasing number of transcription factors have been shown to interact directly with Smads. While there are currently no available structural models, some of these proteins are known to compete directly for the hydrophobic pocket of the Smad MH2 domain that is bound by the proline-rich Smad-binding domain of SARA (Randall et al. 2002) .
Smad interactions with the co-repressor Ski
Transactivation by Smads is additionally regulated by a number of transcriptional co-activators and co-repressors (Ross and Hill 2008; Massague 2012) A crystal structure has also been solved of the Smad4-binding domain of Ski in complex with the MH2 domain of Smad4 ( Figure 3C ) (Wu et al. 2002) . The Ski domain adopts the SAND domain fold, named after the nuclear proteins Sp100, AIRE-1, NucP41/75, and DEAF-1. A twisted five-stranded antiparallel -sheet packs on the concave face with three short -helices and a large C-terminal -helix. Unusually, one side of the -sheet also contains a Cys2-His2-type zinc-binding motif that appears critical for folding. This motif extends into a large interaction loop (I loop) that binds the Smad4 MH2 domain, rather than forming the typical DNA interaction (Wu et al. 2002) . When mapped onto the alternative structure of the Smad2-Smad4 complex, the Ski subunit is positioned on the outer edge of the Smad trimer, where its -sheet would buttress against the neighbouring Smad2 tail. The model predicts a severe clash between Ski and Smad2 Ser418 to Arg420. Indeed, the purified Ski fragment is sufficient to disrupt the Smad2-Smad4 interaction in vitro, suggesting an additional mechanism for Ski-mediated transcriptional repression (Wu et al. 2002 ).
This conclusion has been challenged by a number of experiments using Ski fragments in cells.
Such analyses are complicated by the presence of a separate region in Ski that can bind instead to Smad2 or Smad3 (Ueki and Hayman 2003) . Nonetheless, a Ski mutant containing only the functional Smad4-binding site could still bind simultaneously to Smad4 and the RSmads (Ueki and Hayman 2003; Takeda et al. 2004 ). Moreover, a pull down study has revealed the accumulation of this inactive complex at target promoter elements ).
Finally, Ski has also been reported to bind to the receptor TR-I and to trap non-functional TR-I-R-Smad-Smad4 complexes in the cytoplasm (Ferrand et al. 2010 ). Thus, further structural studies are needed to unravel the complex nature of these interactions. In particular, the large Iloop of Ski is somewhat separated from the globular core and may provide some limited flexibility to adapt to different protein complexes.
Smad linker interactions
Following their translocation to the nucleus, Smads are subject to multiple phosphorylations within their central linker region that determine Smad transcriptional activation and turnover (Massague 2012; Sudol 2012; Gaarenstroom and Hill 2014) . These posttranslational modifications are read by modular WW domain-containing proteins, including transcriptional effectors, inhibitory Smads and E3 ubiquitin ligases (Chong et al. 2006; Alarcon et al. 2009; Chong et al. 2010; Aragon et al. 2011; Aragon et al. 2012) . The WW domain, named after two conserved tryptophans, is a small domain of approximately 40 residues that typically occurs in a tandem repeat manner with up to four sequential copies (Bork and Sudol 1994; Kato et al. 2004 ). Despite their small size, WW domains are folded into a stable, three-stranded -sheet.
Proline-rich peptide sequences are bound on one face of the -sheet stabilized by stacking interactions with the conserved C-terminal tryptophan of the WW domain.
Central to this regulation are the MAP kinases and the cyclin-dependent protein kinases (CDKs) that selectively phosphorylate conserved Ser/Thr-Pro motifs. In particular, CDK8 and CDK9 have been shown to promote Smad transcriptional activation. These kinases can phosphorylate Smad1 and Smad3 to establish binding sites for the WW domains of the Hippo pathway effector YAP and the prolyl isomerase PIN1, respectively Aragon et al. 2011 ). Subsequent linker phosphorylation by GSK3 then directs Smad1 and Smad3 to the WW domains of the E3 ligases, Smurf1 and Nedd4L, respectively ( Figure 5 ).
Structural and biophysical studies have shown that YAP binds to the Smad1 linker region in a bipartite manner (Aragon et al. 2011) . The first WW domain binds to a phosphorylated Pro-XpSer-Pro motif, whereas the second WW domain binds to an unphosphorylated Pro-Pro-X-Tyr motif slightly downstream ( Figure 5) . Notably, the two peptide classes bind to WW domains in opposite orientations. The Smad1 phosphopeptide adopts a rather linear conformation that positions the C-terminal proline (Pro207) against YAP Trp199. Phospho-Ser206 is also within hydrogen bonding distance of YAP Thr182, Tyr188 and Gln186 (Aragon et al. 2011) . By comparison, the Smad1 region containing the Pro-Pro-X-Tyr motif binds the second WW domain in a bent conformation that positions the N-terminal Pro224 against YAP Trp258.
Interestingly, the first WW domain of YAP can also revert to binding a Pro-Pro-X-Tyr motif, as demonstrated by the inhibitory protein Smad7 (Aragon et al. 2012) . This alternative interaction is facilitated by the local rearrangement of the YAP side chains Tyr188 and Trp199. While the overall binding affinity is reduced, it is compensated for by high local concentrations of Smad7 in the nucleus (Aragon et al. 2012) .
Upon further phosphorylation, the binding of Smad1 is switched to the HECT-type E3 ligase Smurf1 for degradation by the proteasome. The first WW domain of Smurf1 binds preferentially to a Smad1 peptide doubly phosphorylated on Ser210 and Ser214 (Aragon et al. 2011) . Ser214 falls within a consensus Pro-X-pSer-Pro motif, while the additional binding of phospho-Ser210 is enabled by the extra interaction of Smurf1 Arg243 ( Figure 5 ). Similar structural mechanisms control the fate of multiply phosphorylated Smad2 and Smad3, which switch their binding from PIN1 to the E3 ligase Nedd4L (Kuratomi et al. 2005; Gao et al. 2009; Aragon et al. 2011) .
CONCLUDING REMARKS
An array of new structures have defined the ordered phosphorylation-dependent activation of the TGF- pathway from the cell membrane to the nucleus. Recent work has also identified other additional regulatory mechanisms that await structural analysis, including novel posttranslational modifications, such as arginine methylation (Inamitsu et al. 2006; Xu et al. 2013 ) and sumoylation Kang et al. 2008) . Challenges also remain to elucidate 
